A study of cell wall integrity control in transgenic plants expressing polysaccharide-modifying enzymes by Reem, Nathan T.
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2017





Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agriculture Commons, and the Plant Sciences Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Reem, Nathan T., "A study of cell wall integrity control in transgenic plants expressing polysaccharide-modifying enzymes" (2017).










TABLE	OF	CONTENTS	LIST	OF	FIGURES	 iv	LIST	OF	TABLES	 v	ABSTRACT	 vi	CHAPTER	1		 INTRODUCTION		 1	Research	Objectives			 1	CHAPTER	2		 LITERATURE	REVIEW		 3	Cell	wall	composition	&	structure	 3	Plant	response	to	pathogen-associated	molecular	patterns	 6	Plant-pathogen	interactions	 7	Cell	wall	integrity:	polysaccharide-sensing	PRRs	 9	References		 12	CHAPTER	3		 DECREASED	POLYSACCHARIDE	FERULOYLATION	COMPROMISES	PLANT	CELL	WALL	INTEGRITY	AND	INCREASES	SUSCEPTIBILITY	TO	NECROTROPHIC	FUNGAL	PATHOGENS	
21	
Abstract	 21	Introduction	 22	Materials	&	Methods	 26	Results	 36	Discussion	 45	Conclusions	 52	References	 53	CHAPTER	4		 COMPREHENSIVE	TRANCRIPTOME	ANALYSES	CORRELATED	WITH	UNTARGETED	METABOLOME	REVEAL	DIFFERENTIALLY	EXPRESSED	PATHWAYS	IN	RESPONSE	TO	CELL	WALL	INTEGRITY	ALTERATIONS	
65	
Summary	 65	Introduction	 66	Materials	&	Methods	 73	
	 iii	
Results	 77	Discussion	 96	Conclusions	 103	References	 105	CHAPTER	5		 TRANSGENIC	ARABIDOPSIS	THALIANA	PLANTS	EXPRESSING	FUNGAL	PECTIN	METHYLESTERASE	EXHIBIT	DWARFED	PHENOTYPE	AND	ALTERATIONS	IN	STRESS	RESPONSE		
116	
Abstract	 116	Introduction	 117	Materials	&	Methods	 122	Results	 131	Discussion	 138	Conclusions	 143	References	 144	CHAPTER	6		 SPATIOTEMPORAL	ANALYSIS	OF	CELL	WALL	INTEGRITY	CONTROL	IN	ARABIDOPSIS	THROUGH	POST-SYNTHETIC	MODIFICATION	OF	THE	CELL	WALL	
157	























































































































































































































ABSTRACT	The	 complexity	 of	 cell	 wall	 composition	 and	 structure	 determines	 the	 strength,	flexibility,	and	function	of	the	primary	cell	wall	in	plants.	However,	the	contribution	of	 the	 various	 components	 to	 cell	 wall	 integrity	 and	 function	 remains	 unclear.	Modifications	 of	 cell	 wall	 composition	 can	 induce	 plant	 responses	 known	 as	 Cell	Wall	 Integrity	 control.	 In	 this	 study,	 we	 used	 transgenic	 expression	 of	 the	 fungal	feruloyl	 esterase	 AnFAE	 to	 examine	 the	 effect	 of	 post-synthetic	 modification	 of	Arabidopsis	and	Brachypodium	cell	walls.	Transgenic	Arabidopsis	plants	expressing	
	 22	
AnFAE	showed	a	significant	reduction	of	monomeric	ferulic	acid,	increased	amounts	of	 wall-associated	 extensins,	 and	 increased	 susceptibility	 to	 Botrytis	 cinerea,	compared	 with	 wild	 type.	 Transgenic	 Brachypodium	 showed	 reductions	 in	monomeric	 and	 dimeric	 ferulic	 acids	 and	 increased	 susceptibility	 to	 Bipolaris	

























































































































































































































Fuc	 Rha	 Ara	 Gal	 Glc	 Xyl	 GalA	 GlcA	
WT	Bd21	 0.9±0.3	 0.6±0.4	 12.7±2.8	 3.4±1.1	 31.2±9.5	 49.6±6.5	 0.8±0.7	 0.7±0.7	
AnFAE	8	 0.7±0.3	 0.5±0.6	 14.8±0.7	 3.8±0.1	 13.4±1.1	 64.3±1.6	 1.9±0.6	 0.7±0.8	
AnFAE	11	 0.6±0.3	 0.7±0.6	 14.5±1.1	 3.5±0.4	 13.1±2.4	 65.6±2.9	 1.2±0.5	 0.7±0.6	
Fuc	 Rha	 Ara	 Gal	 Glc	 Xyl	 Man	 GalA	 GlcA	
WT	Col-0	 1.2±0.3	 4.6±0.4	 5.3±1.7	 8.8±2.5	 9.0±0.1	 55.2±3.2	 6.9±0.9	 7.6±1.7	 1.5±0.8	



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Hierarchical Entity Tree on genotype (Non-averaged) Report
Experiment : New Experiment
Active entity list : Fold change >= 2.0
Condition dataset colors Condition
    [AnAXE]     [AnFAE]     [AnRAE]     [Col-0]     [EV]
Condition dataset colors genotype
    AnAXE     AnFAE     AnRAE     Col-0     EV
Description
Created from Advanced Analysis operation: Clustering:
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Corrected pUBC-AnFAE-CFP (10708 bp)
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5/27/2017 12:40:24 PM
https://benchling.com/nathanreem/f/ghykSqzvTb-my-sequences/seq-KyvVFdVH-pcambia-1300/edit 1/1
pCAMBIA-1300 (8958 bp)
pCAMBIA-1300
8958 bp
hp
tI
I
ST
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pV
S1 KanR (aadA)
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REP
bom site
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R-Border
5/27/2017 12:36:59 PM
https://benchling.com/nathanreem/f/U4h6nDRY-pubc-pcambia-gibson-assembly/seq-LYANQ3n9-pubc-anfae-cfp-pcambia/edit 1/1
pUBC-AnFAE-CFP-pCAMBIA (11115 bp)
pUBC-AnFAE-CFP-pCAMBIA
11115 bp
hptII
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pV
S1
-R
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An
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E
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CF
P
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10
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pBR322-REP
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attR2
attR1
R-Border
pCAM IA-UBQ10-AnFAE-CFP	
Fig.	6.2.	Gibson	assembly	scheme	for	production	of	the	pCAMBIA-UBQ10-AnFAE-CFP	plasmid.	The	expression	cassette	containing	the	pUBQ10	promoter,	AnFAE-CFP	fusion	protein,	and	the	35S	terminator	were	cloned	alongside	the	plasmid	backbone	from	the	pCAMBIA-1300	expression	vector.	The	insert	and	backbone	were	ligated	t gether	using	 ne-step	Gibson	assembly.	
	 167	
genes	was	amplified,	then	ligated	into	the	p5e-MCS	entry	vector	containing	L4-R1	Gateway	recombination	sites.	This	vector	was	then	Gateway-recombined	with	a	binary	vector	containing	R4	and	L1	recombination	sites	complementary	to	the	entry	vector	(R4L1pGWB759;	Nakagawa	Laboratory,	Shimane	University).	Arabidopsis	plants	(AnAXE	and	AnRAE,	along	with	wild-type	Col-0)	were	transformed	through	Agrobacterium-mediated	floral	dip	and	selected	to	T3	homozygous	lines.	The	T3	plants	are	currently	being	evaluated	for	zygosity,	and	will	be	screened	for	fluorescence	and	gene	expression	across	the	lifetime	of	the	plant.		
DISCUSSION	
Double	transgenic	plants	to	determine	CWI	signaling		 Previously,	it	has	been	shown	that	AnAXE	and	AnRAE	plants	exhibit	increased	resistance	to	B.	cinerea	inoculation,	and	some	defense	responses	are	activated	in	the	absence	of	pathogens	(Pogorelko	et	al.,	2013).	AnFAE	plants,	on	the	other	hand,	do	not	show	any	specific	gene	expression	in	the	absence	of	pathogens,	and	are	more	susceptible	to	B.	cinerea.	In	order	to	determine	whether	these	events	are	involved	in	the	same	CWI	response	pathways,	it	is	useful	to	express	both	genes	in	plants	and	assay	them	for	gene	expression	and	response	to	pathogens.	However,	due	to	known	issues	with	gene	silencing	in	35S-driven	genes,	it	was	necessary	to	change	the	promoter	driving	the	expression	of	the	hydrolases	(Elmayan	&	Vaucheret,	1996;	Vaucheret	et	al.,	1998;	Mishiba	et	al.,	2005).	Double	transgenic	plants	are	currently	being	produced	and	will	be	selected	for	both	transgenes	using	co-selection	of	Basta	herbicide	and	hygromycin	antibiotic.	Because	of	the	gene	
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silencing	present	in	the	35S-driven	events	examined	via	western	blot,	it	is	unclear	whether	the	results	of	Figure	1	are	reliable.	Thus,	once	T3	homozygous	double	transgene	plants	are	obtained,	lesion	areas	after	B.	cinerea	inoculation	must	be	redone.	Additionally,	apoplast	will	be	extracted	from	these	plants,	and	in	vitro	enzyme	activity	assays	and	western	blots	will	confirm	protein	presence.	To	confirm	
in	vivo	activity,	plant	cell	walls	will	be	extracted	and	assayed	for	recalcitrance	against	cellulases,	xylanases,	and	pectinases,	in	addition	to	acetyl	and	feruloyl	content.		
Fluorescent	reporter	lines	for	spatiotemporal	examination	of	defense	
responses		 PAD3	and	WRKY40	are	two	genes	previously	known	to	be	involved	in	CWI	signaling	of	AnAXE	and	AnRAE	plants,	in	addition	to	their	roles	in	defense	response	(Pogorelko	et	al.,	2013).	PAD3	was	found	to	be	upregulated	in	a	basal	level	in	AnRAE	plants,	and	WRKY40	was	upregulated	in	both	AnAXE	and	AnRAE	plants.	PAD3	is	necessary	for	production	of	camalexin,	an	effective	defense	compound	against	fungal	necrotrophs	(Schuhegger	et	al.,	2006).	Previously	characterized	OG-induced	CWI	responses	are	also	PAD3-dependent	(Ferrari	et	al.,	2007).	It	is	not	currently	known	how	PAD3	is	involved	in	signaling	of	AnRAE	deacetylation	events.		WRKY40	is	also	involved	in	defense	response	against	fungal	necrotrophs,	and	forms	a	complex	with	two	other	WRKY	transcription	factors	to	regulate	ABA	signaling	(Xu	et	al.,	2006;	Shang	et	al.,	2010).	Recently,	it	was	shown	that	WRKY40	interacts	with	WRKY18	after	treatment	with	flg22	to	regulate	early	MAMP-triggered	
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immunity	and	prevent	overexpression	of	defense	responses,	including	ethylene	biosynthesis	(Birkenbihl	et	al.,	2016).	However,	it	is	not	known	at	this	time	how	WRKY40	behaves	in	response	to	cell	wall	deacetylation	or	after	treatment	with	a	fungal	necrotroph.	The	use	of	fluorescent	reporters	to	determine	gene	expression	will	provide	us	with	valuable	data	showing	the	time	and	location	of	upregulation	of	PAD3	and	WRKY40	in	AnAXE	and	AnRAE	plants.	T3	homozygous	lines	are	being	planted	for	spatiotemporal	analysis	of	gene	expression,	where	plants	will	be	screened	for	gene	expression	analysis	beginning	at	germination	and	continuing	for	the	duration	of	their	life	cycle.	Control	plants,	including	untransformed	WT	Col-0	and	AnAXE/AnRAE	plants,	will	be	used	to	compare	with	the	reporter	plants.	Early-stage	seedlings	will	be	grown	in	96-well	plants	containing	liquid	1/2MS	medium	for	ease	of	microscopy.	Plants	for	analysis	of	older	tissues	will	be	grown	in	soil	and	under	sterile	conditions	in	magenta	boxes.	Initial	plans	call	for	once-weekly	expression	analysis,	with	several	timepoints	throughout	the	day	to	control	for	any	possible	circadian	effects	on	gene	expression	(Zhou	et	al.,	2015).			
CONCLUSIONS		 CWI	is	a	complicated	network	of	receptors	and	signaling	machinery	that	most	likely	have	redundant	or	interdependent	functions.	This	complicates	efforts	to	uncover	the	signaling	components	in	specific	CWI	events,	because	it	is	difficult	to	confirm	that	signaling	components	are	indeed	part	of	CWI,	rather	than	an	interdependent	component	on	some	other	pathway.	To	gain	a	clearer	picture	of	CWI	
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signaling,	reporter	lines	and	double	transgene	plants	will	be	analyzed.	We	expect	to	confirm	previous	results	from	double	transgenes,	then	leverage	changes	in	gene	expression	to	identify	specific	components	of	each	CWI	response	pathway.	Fluorescent	reporter	lines	will	provide	spatial	and	temporal	data	regarding	expression	of	two	key	genes	involved	in	these	CWI	responses.		
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CHAPTER	7	
CONCLUSIONS	AND	FUTURE	DIRECTIONS	
CONCLUSIONS		 This	dissertation	contributed	to	our	knowledge	in	plant	cell	wall	integrity	and	the	importance	of	cell	walls	in	plant	fitness.	Through	investigation	of	
Arabidopsis	thaliana	and	Brachypodium	distachyon	plants	expressing	microbe-derived	cell	wall-degrading	enzymes,	we	discovered	unique	CWI	mechanisms	and	responses	to	wall	modifications.	Specifically,	plants	expressing	AnFAE	were	more	susceptible	to	fungal	necrotroph	attack	and	had	weakened	cell	walls.	Transcriptome	and	metabolome	of	plants	expressing	AnAXE,	AnRAE,	and	AnFAE	were	correlated	to	determine	primary	metabolic	pathways	involved	in	each	CWI	response.	A	pectin	methylesterase	(AnPME)	expressed	in	plants	showed	the	importance	of	pectin	in	CWI.	Finally,	several	projects	underway	in	furthering	examination	of	these	transgenic	events	will	provide	more	details	into	the	mechanism	of	CWI	and	cell	wall	in	plants.		 Cell	wall	integrity	is	important	for	plant	fitness	because	it	plays	a	key	role	in	plant	development,	and	it	contributes	to	plant	response	to	pathogens	(Wolf,	2017).	For	example,	the	wall-associated	kinases	are	involved	in	both	normal	cell	expansion	and	pathogen	sensing	(Kohorn,	2015).	CrRLKs,	such	as	THE1,	FER1,	and	potentially	others,	detect	defects	in	the	cell	wall	and	initiate	signaling	for	defense	responses	(Li	
et	al.,	2016).	Thus	far,	there	have	been	few	studies	of	cell	wall	integrity	response	to	alterations	of	compounds	decorating	cell	wall	polysaccharides:	acetyl,	feruloyl,	and	
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methyl	groups.	In	this	dissertation,	we	have	shown	the	importance	of	these	compounds	in	defense	response	and	plant	morphology.		
Wall-bound	ferulic	acid	affects	defense	response	of	both	monocots	and	dicots		 First,	we	addressed	the	importance	of	cell	wall	feruloylation	in	both	monocot	and	dicot	plants.	Previously,	it	has	been	shown	that	in	monocots,	ferulic	acid	crosslinks	accounted	for	about	5%	of	the	cell	wall	dry	weight,	and	were	critical	for	defense	responses.		Our	analyses	in	Brachypodium	distachyon	confirmed	that	ferulic	acid	was	reduced	in	the	cell	wall,	and	plants	were	more	susceptible	to	Bipolaris	
sorokiniana	(Reem	et	al.,	2016).	Analysis	of	cell	wall	monosaccharide	composition	showed	an	increase	in	xylose,	most	likely	in	compensation	for	reduced	ferulic	acid	crosslinking.	Brachypodium	cell	walls	were	more	degradable	than	WT	under	cellulase	treatment.		In	dicots,	ferulic	acid	makes	up	less	than	1%	of	the	dry	weight	of	the	cell	wall,	and	is	considerably	less	well-studied.	In	some	dicots,	ferulic	acid	is	associated	with	pectins;	however,	ferulic	acid	dimers	are	not	present	in	dicot	cell	walls,	so	we	sought	to	determine	the	significance	of	ferulic	acid	monomers	in	Arabidopsis.	We	determined	that	ferulic	acid	monomers	are	also	important	for	defense,	as	Arabidopsis	AnFAE	plants	were	found	to	be	more	susceptible	to	B.	cinerea.	Unlike	Brachypodium,	no	changes	in	cell	wall	monosaccharide	composition	were	detected	in	AnFAE	plants.	Cell	wall	digestibility	was	also	changed	in	AnFAE	plants:	cell	walls	were	more	digestible	after	cellulase	treatment	as	well	as	pectinase,	indicating	that	perhaps	ferulic	acid	may	associate	with	pectins	in	Arabidopsis.	We	also	observed	a	
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link	between	ferulic	acid	and	extensin	proteins,	which	are	known	to	crosslink	polysaccharides.	In	Arabidopsis	AnFAE	cell	walls,	while	total	amount	of	extensins	was	unchanged,	they	showed	an	increase	in	crosslinked	extensins	and	decrease	in	HF-soluble	extensins,	perhaps	as	a	response	to	wall	deferuloylation.		
Correlation	of	metabolome	and	transcriptome	reveals	primary	metabolism	
involvement	in	CWI		 We	assayed	CWI	signaling	and	plant	responses	to	cell	wall	modifications	through	a	correlation	of	transcriptome	and	metabolome	from	AnAXE,	AnRAE,	and	AnFAE	Arabidopsis	plants.	The	transcriptome	alone	showed	potential	players	in	CWI	signaling,	including	a	variety	of	cell	wall-	and	stress	response-related	genes.	A	set	of	transcription	factors	involved	in	each	set	of	CWI	was	also	determined.	These	candidate	genes	will	be	considered	in	the	future	for	potential	analysis	as	CWI-related	genes.	Through	correlation	of	transcriptome	and	metabolome,	we	discovered	important	players	in	CWI	through	an	enrichment	of	primary	metabolism.	Both	AnAXE	and	AnRAE	plants	had	upregulation	of	gene	expression	enriched	in	pathways	including	adenosine	nucleotides	de	novo	biosynthesis,	glucosinolate	biosynthesis,	and	aromatic	amino	acids	biosynthesis.	This	suggests	an	increase	in	ATP	production	to	power	biosynthesis	of	secondary	metabolites	such	as	glucosinolates,	jasmonate,	and	camalexin.	AnRAE	plants	also	were	downregulated	in	s-adenosylmethionine	and	ethylene	biosynthetic	pathways,	while	no	change	was	detected	in	AnAXE.	Thus,	it	is	likely	that	the	subtle	differences	between	AnAXE	and	AnRAE	defense	response	
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seen	previously	are	a	result	of	changes	in	ethylene	or	s-adenosylmethionine	abundance.	Pathway	enrichments	for	AnFAE	plants	included	a	downregulation	of	16	peroxidase-expressing	genes	related	to	lignin	biosynthesis,	as	well	as	downregulation	of	lipid	biosynthesis	genes.	It	is	not	clear	why	lignin	peroxidases	are	downregulated,	but	this	may	affect	degree	of	lignin	polymerization.	Also,	because	lipids	can	serve	as	signaling	molecules,	the	downregulation	of	these	genes	may	be	a	plant	response	to	prevent	manipulation	of	the	plant	by	pathogens.	Together,	the	results	obtained	in	this	study	indicate	changes	in	primary	metabolic	pathways	to	affect	secondary	metabolism	in	response	to	cell	wall	modifications.		
Pectin	methylesterification	is	critical	for	plant	morphology	and	affects	
response	to	pathogens		 The	importance	of	cell	wall	pectin	methylesterification	was	demonstrated	through	expression	of	A.	nidulans	pectin	methylesterase	in	Arabidopsis.	Previously,	it	has	been	shown	that	pectin	is	important	for	cell	expansion	(Cosgrove,	2005).	In	this	study,	we	have	shown	that	the	degree	of	pectin	methylesterification	is	a	key	part	of	cell	expansion,	affecting	the	cell’s	potential	to	increase	in	size.	AnPME	plants	were	dwarfed	throughout	their	lifecycle	as	a	result	of	reduced	cell	expansion.	Reduced	methylester	content	in	cell	walls	was	confirmed	by	direct	quantification	from	pure	cell	walls,	and	in	situ	immunolocalization.	Pectin	methylesterification	is	also	important	for	plant	defense	and	response	to	stresses.	AnPME	plants	showed	no	growth	inhibition	when	grown	under	salt	stress,	indicating	an	enhanced	tolerance	to	ionic	stress.	AnPME	plants	were	also	
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more	susceptible	to	B.	cinerea.	However,	AnPME	plants	with	significant	pectin	demethylesterification	were	also	more	resistant	to	H.	schachtii	nematode	inoculation.		
Future	directions:	double	transgenic	and	fluorescent	reporters		 To	further	our	examinations	of	CWI	in	Arabidopsis	plants,	we	are	in	the	process	of	creating	double	transgene	plants.	The	double	transgenics	will	provide	information	on	the	interaction	between	individual	CWI	signaling	events.	By	assaying	defense	responses	and	gene	expression	associated	with	plant-pathogen	interactions,	we	hope	to	connect	DAMP	recognition	with	CWI	signaling	to	clarify	the	entire	CWI	signaling	pathway	for	AnAXE,	AnRAE,	and	AnFAE.		 Plants	expressing	fluorescent	reporters	under	the	promoters	for	PAD3	and	
WRKY40	will	provide	valuable	knowledge	pertaining	to	the	initiation	and	duration	of	defense	responses	as	they	are	induced	in	AnAXE	and	AnRAE	plants.	With	this	knowledge,	we	can	attempt	to	correlate	fluorescence	with	other	cell	functions	such	as	ion	flux,	protein	phosphorylation,	and	metabolite	abundances.			
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